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Abstract Fluid‐ﬁlled volumes in geological systems can change the local stress ﬁeld in the host rock and
may induce brittle deformation as well as crack propagation. Although the mechanisms relating ﬂuid
pressure perturbations and seismicity have been widely studied, the ﬂuid‐solid interaction inside the crack
of a host rock is still not well understood. An analog experimental model of ﬂuid intrusion in cracks
between planar layers has been developed to study stress conditions at the margins and tips. A combined
high‐speed shadowgraph and a photoelasticity imaging system is used to visualize the ﬂuid dynamics
and induced stresses on the solid matrix. Cavitation, as well as bubble growth and collapse, occurs along the
sawtooth crack margins, which produces a highly localized stress concentration to initiate new subcrack
systems. The presence of the bubbles at the crack tip during ﬂuid pressure perturbation can enhance crack
propagation.

Plain Language Summary Cracks serve as important ﬂuid pathways in the crust, so their
characteristics and density strongly inﬂuence ﬂuid ﬂow. At the same time, crack properties are also
affected by ﬂuid ﬂow, as their dimensions and connectivity might change under pressures from ﬂuids. Many
analytical and experimental studies have been conducted to investigate the effect of subsurface ﬂow on
crack dynamics. However, some complexities of crack geometries and ﬂuid properties, in particular
when bubbles are present, remain poorly understood. We developed a laboratory analog experiment using
an optical imaging system to visualize the induced stresses on a crack. Fluid cavitation and collapse
occurring at the margins of a rough crack boundary are observed. In addition, gas bubbles at crack tips
signiﬁcantly contribute to the crack opening. Both observations may help explain crack propagation
in underground geological systems.
1. Introduction
Understating the dynamics of magmatic crack growth is crucial for estimating magma transport and eruption
precursors. Crack propagation is strongly affected by the stress ﬁeld caused by the external stress and internal
pressure (Sahimi, 2003; Watanabe et al., 2002). Through analytical, numerical, and experimental studies,
researchers have evaluated various factors that contribute to the dynamics of crack growth in magmatic
systems. Such factors include ﬂuid buoyancy (Weertman, 1971a, 1971b, 1973), reservoir pressure (Lister &
Kerr, 1991), magma compressibility (Dahm, 2000), preexisting cracks (Dahi‐Taleghani & Olson, 2011;
Zhang et al., 2009), ﬂuid viscosity (Heimpel & Olson, 1994), rock heterogeneities (Rivalta et al., 2015), layer
rigidities (Kavanagh et al., 2006; Maccaferri et al., 2010; Rivalta et al., 2005), free surface (Rivalta &
Dahm, 2006), density gradient (Lister & Kerr, 1991), external stress (Acocella & Tibaldi, 2005; Kervyn
et al., 2009; Menand et al., 2010; Watanabe et al., 2002), crack‐crack interaction (Ito & Martel, 2002;
Takada, 1994), and crack‐fault interaction (Le Corvec et al., 2013).

©2020. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

CAO ET AL.

Recently, several studies have been published that investigate volatile bubble expansion as a major force
driving magma movement and intrusion (Carey et al., 2012; Chernov et al., 2014; Lyakhovsky et al., 1996;
Navon et al., 1998; Nishimura, 2004; Proussevitch & Sahagian, 1998). However, phenomena such as ﬂuid
cavitation, which can trigger shock waves to initiate subcracks, are yet to be understood. Cavitation is an
important phenomenon, which has been extensively studied in ﬂuid dynamics (e.g., Birkhoff &
Zarantonello, 1957; Brennen, 2014; Moholkar & Pandit, 1997; Singhal et al., 2002; Zwart et al., 2004), and
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Figure 1. Four stages of cavity collapse in a dike. (a) The magma pushes the rock at the tip of the dike. (b) Once the rock
is opened, a pressure pulse drop is initiated at the tip and travels down through the dike. The pressure drop
creates small cavity bubbles within the dike. (c) The bubbles continue to grow until reaching their maximum size.
(d) They collapse quickly, and shock waves are created.

its damage to pipelines and hydraulic systems has been frequently reported (Tijsseling, 1996). Cavitation
occurs when the pressure in the ﬂuid phase suddenly drops below its vapor pressure forming a vapor
bubble. As the pressure on the ﬂuid phase returns to the original state, the bubble collapses abruptly and,
hence, shock waves are generated. When shock waves reach the solid surface, they can induce high stress
that sometimes exceeds the material plastic limit and, thus, cause surface damage. Figure 1 shows a
possible process for the generation of cavity bubbles and consequent shock waves during dike propagation.
In conﬁned systems like geological cracks or pore spaces, the direction of the dike and sill propagation
might be deﬂected or altered due to the localized stress concentration stemming from the sudden bubble
collapse (Joseph, 1995).
Another important aspect of ﬂuid‐driven cracks in geological systems that might affect crack propagation is
the geometry of the crack and its tip (Desroches et al., 1994; Lenoach, 1995). The shape of the crack tip inﬂuences the stress distribution near the tip and the size of the plastic zone. Therefore, the ﬂuid pressure near the
tip region in a ﬂuid‐ﬁlled crack varies with respect to the geometry of the tip. This is particularly important
since the stress distribution around the crack strongly depends on the stress condition at the tip, as illustrated
in the numerical model of cracks with various geometries, reported by Nilson (1988) and Lecampion
et al. (2018). The challenges in modeling ﬂuid‐ﬁlled cracks include the computational cost and the complexity of mechanisms affecting crack propagation, which makes their mathematical analyses difﬁcult.
In this study, a laboratory analog experiment is developed to study stress conditions at the margins and tips
of two‐phase ﬂuid‐ﬁlled cracks in homogeneous and layered media. We show that the geometry of the crack
wall and tip contribute to crack growth and that cavitation develops in a crack with rough margins. Our
apparatus visualizes ﬂuid ﬂow and stress distribution (stressed area) on crack walls simultaneously. Such
visualization at the crack tip and solid‐ﬂuid boundary during abrupt stress changes can improve the current
understanding of the dynamic of crack propagation.

2. Method
2.1. Experimental Setup
A linear (planar) polariscope is used to visualize the dynamics of the liquid‐solid interaction in the ﬁlled
cracks, subject to a pulse pressure wave originated in the liquid phase; see Figure 2 for more details. The
polariscope measures simultaneously the stress wave velocity on the crack wall and visualizes the ﬂuid
dynamics. The polariscope can be divided into three parts: a collimated light (also known as shadowgraph
system), two linear light polarizers, and a high‐speed camera. The light collimation was achieved using a
150 W 21 V halogen light source, followed by a focusing lens with a focal length of 50.8 mm and a diameter
of 25.4 mm, a pinhole, and two collimated lenses of focal lengths of 273 and 127 mm, respectively. Two linear
polarizers were used to polarize light in a preferred direction, conﬁned to a single plane of oscillation, while
all other light oscillation directions are absorbed by the polarizer. When a pair of polarizers are set at orthogonal angle (90°), no light is transmitted through. Some transparent materials, such as polycarbonate, are
photoelastic, meaning that when they are under applied stress, they become optically anisotropic (also
CAO ET AL.
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Figure 2. Schematic diagram of the combined high‐speed shadowgraph imaging system and linear polarizer setup. The specimen is placed between two steel
L‐shaped support brackets that are mounted on an optical table. Ø is the lens diameter andfthe focal length.σ1andσ2are principal stresses in principal optical
axes of the sample.

called birefringent in the literature) and, hence, light is polarized along the two principal stress directions of
the sample. The phase shift of the light rays due to the birefringence is proportional to the applied stress (Tada
et al., 2000). If we place the photoelastic material between the two orthogonal polarizers, there will be no
orthogonally polarized light until the material is stressed, and, thus, we can qualitatively infer the stress
level at each point of the sample under load based on the light passing through the system. The fringe
envelope that we observe from the linear polariscope is the superposition of the isochromatic and isoclinic
fringes. A high‐speed camera capable of recording up to 250,000 frames per second (fps) is used to capture
the dynamic state of stress in the material, induced by a pressure wave in the liquid phase. In this study we
chose to record at 10,000 fps in order to increase the resolution of the individual frames. The high‐speed
camera was triggered electronically with controlled delay times for taking speciﬁc image sequences of the
overall ﬂuid motion.
2.2. Analog Crack‐Trilayer Model
The experimental apparatus was used to visualize the solid‐ﬂuid interactions along the crack main body and
at the crack tips in six trilayer models (Table 1), each consisting of two photoelastic insensitive acrylic plates
and one photoelastic sensitive polycarbonate plate, as shown in Figure 3a. This trilayer crack model is developed as an analog for the sill intrusion where the liquid intrudes between parallel geological layers. The
density of the acrylic is 1,190 kg/m3, with Vp = 2,710 m/s and Vs = 1,391 m/s, while that of the polycarbonate
is 1,190 kg/m3, with Vp = 2,106 m/s and Vs = 931 m/s. The two acrylic layers are 152.4 × 47.6 × 1.58 mm in
size, whereas the polycarbonate plate has a dimension of 152.4 × 47.6 × 0.79 mm. The reason we adopt a thinner polycarbonate plate is based on the stress optic law (Tada et al., 2000) stating that thinner photoelastic
materials possess higher photoelastic sensitivity, and, thus, smaller external stress is required to generate
photoelastic fringes:
σ¼

1
2
3
4
5
6
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(1)

where fσ is a constant material fringe, N is the fringe order that depends
on relative retardation, and h is the specimen's thickness.

Table 1
Six Experiments to Visualize the Fluid‐Filled Crack Dynamics
Experiment

Nf σ
h

Crack model

Fluid type

Flat
Sawtooth
Sawtooth
Flat, single narrow tip
Flat, double narrow tip
Flat, triangle tip

water
water
viscous ﬂuid
water
water
water

The three layers are held together by two 5 mm thick aluminum plates
and clamped by bolts along the plates' edges (Figure 3a). Cracks were
machined in the middle acrylic layer. The reference crack has ﬂat boundaries (sides) with semicylindrical tips, as shown in Figure 4b, which was
used to study solid‐ﬂuid interaction and stress propagation on a smooth
crack surface. The second crack geometry consists of the same size channel and tips; its boundaries (sides) have, however, a sawtooth pattern
where the bottom and height of a triangle is 0.6 and 0.3 cm,
3 of 12
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Figure 3. (a) The trilayer model and its schematic view, which consists of one polycarbonate and two acrylic plates, fastened by two aluminum plates. The
pressure pulse is produced by applying a sudden load to the aluminum piston. (b) Flat crack model in the middle layer used as a reference. (c) Saw‐tooth
crack model and enlarged details of its geometry. The circles along the edges of plates are the locations for clamping bolts.

respectively, as shown in Figure 4c. The sawtooth crack wall is common in models of crack morphology that
has been used to study crack toughness and fatigue strength (Carpinteri et al., 2019). This sawtooth crack
was used as an analog to study the effect of an irregular crack surface on the stress propagation.
Additionally, three types of crack tips were designed to study the ﬂuid‐ﬁlled crack dynamics in its plastic
zone: single narrow tip, double parallel narrow tips, and a triangular tip, as shown in Figures 4a, 3b, and
3c, respectively. The three crack models are also made of acrylic in which the dimensions of the main channels are the same as that of the reference ﬂat crack model. The single narrow and triangle tips shown in
Figures 4a and 4c were proposed by Pelloux (1970) and Bowles and Schijve (1983) to study the effect of fatigue in cracks grown for different crack tip geometries. The double narrow tips in Figure 4b were analyzed to
study bifurcation performance of a complex crack network in hydraulic fracturing, based on the fractal geometry (Zhou et al., 2017). The analog crack model was ﬁlled with distilled water. An experimental test was

Figure 4. The crack models used to study the ﬂuid‐ﬁlled crack dynamics in the plastic zone. (a) Single narrow tip with
1 cm length and 2 mm width. (b) Double narrow tips with 1 cm length and 2 mm width each. (c) Triangle tip with
1 cm side length. In crack propagation linear elasticity is valid far from the tip; it breaks down near the tip, where one has
a highly nonlinear plastic zone.
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Figure 5. Photoelastic image of the reference smooth ﬂat crack used to show the solid‐ﬂuid interaction due to the input
pressure pulse on the liquid phase under no surface irregularities. The changing location of the white dashed line
represents the direction of the stress wave propagation, which is the result of the photoelastic effect on the polycarbonate
layer. The bright patterns near the crack tip are due to the residual stress, caused by clamping bolts. The color bar
shows the pixel intensity value of the images. Stressed areas are white, and unstressed areas are black.

initiated by striking the aluminum piston held by a bronze tube, located at one end of the crack in Figure 4a.
The impulse on the piston triggers a pressure wave in the liquid phase. The pressure pulse propagates
through the conﬁned liquid in the crack and reﬂects back and forth until it dissipates.

3. Experimental Results
We utilize the reference crack to investigate how the liquid pressure wave is transferred to the solid walls of
the crack. The stress wave on the crack walls manifests itself as bright patterns, also known as photoelastic
fringes, traveling from one end of the crack to the other along the solid‐ﬂuid interface (Figure 5). Due to
the limited stress transferred from the stress wave to the polycarbonate plate, the fringe pattern does not manifest as a number of well separated fringes. The velocity of the overall envelope of the stress wave's amplitude
(group velocity), measured based on the location of peak pixel intensity of the photoelastic fringes, was
33.95 m/s. Such wave speed in ﬂuid‐driven cracks are commonly observed during hydraulic fracturing and
in volcanic tremors known as crack waves (Aki et al., 1977; Chouet, 1986; Lipovsky & Dunham, 2015).
In contrast to the idealized smooth crack surface, experiments considering a crack with sawtooth surface
representative of crack surface roughness were conducted. The most striking difference between the
CAO ET AL.
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Figure 6. Image sequence of the bubbles expanding and collapsing for the sawtooth crack model. (a) Before the bubble
initiation, there is no stress on the sawtooth. (b–f) As the pressure in the liquid decreases, the small‐scale bubbles
expand, and photoelastic fringes (bright patterns) appear on the crack surface, implying that the crack surface
is subjected to a tensile stress due to the bubble expansion. (g) The photoelastic fringes and the associated stress on the
crack surface disappear after the pressure in the ﬂuid recovered. (h) The tracked pixel brightness intensity at the
sawtooth location indicated by a white arrow in (a–g). This cavitation phenomenon was not observed in the reference
crack in Figure 5.

smooth and sawtooth crack models is the appearance of cavitation in the latter (Figures 6a–6g). We repeated
this experiment three times, each of which produced the cavitation phenomenon. Figure 6h shows how the
pixel values vary at a ﬁxed location in the sawtooth crack indicated by the arrows in Figures 6a–6g during the
cavitation process. The pixel values are qualitatively linearly related to the stress (Mindlin, 1939), as a higher
pixel value implies greater stress. We observed that before the bubble initiation, there were no photoelastic
fringes, meaning no wave‐induced stress on the sawtooth. The images in Figure 6 were acquired after the
crack wave had decayed so that by 0 ms at T0 the crack wave‐induced strain had diminished. Therefore,
the pressure on the liquid decreased and the small‐scale bubbles began to expand, photoelastic fringes
appeared at the crack surface. This implies that the crack surface is subjected to an intense increase in the
tensile stress due to the bubble expansion from 0 to around 1.9 ms. The emergence of cavitation might be
due to the shape of the solid‐liquid interface and can induce surface self‐degradation. The initiation of
cavitation bubbles within liquid requires the presence of nuclei that in our system can stem from dissolved
gases. As the pressure wave in the liquid phase advances, it reaches a peak value and, then, starts to
CAO ET AL.
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Figure 7. Photoelastic images of the stress wave propagation in the sawtooth crack ﬁlled with shampoo. The changing
location of the white dashed line represents the direction of the stress wave propagation as in Figure 5. Cavitation
phenomenon is not observed in the shampoo ﬁlled crack.

decrease. As the pressure decreases below a certain threshold, the microscopic air bubble due to the dissolved
gases expand and bubbles emerge. Then, as the pressure induced by the bubble expansion in the liquid
increases again, the bubbles collapse violently from around 17.5 to 18 ms, which initiates local shock
waves. At the emergence of the bubbles, the stress at the crack surface increases reaching a maximum.
This intense stress increases because cavitation at sawtooth crack surface did not develop at the smooth
crack's wall. The valley of the sawtooth seems to be of importance to the bubble growth, enhancing the
formation of large bubbles and generating a state of stress on the crack wall. During the bubble collapse,
on the other hand, the pressure in the ﬂuid recovers, and the associated tensile stress on the crack surface
disappears after 18 ms.
To investigate the effect of viscosity on cavitation, we used transparent viscous shampoo (Pantene Pro‐V
sheer volume) as the crack ﬂuid in the sawtooth crack. Note that the shampoo viscosity is 103–104 higher
than water viscosity (1 mPa·s) at room temperature and pressure (20°C, 101.3 kPa) according to
AlQuadeib et al. (2018). Galland et al. (2006) conducted an analog experiment to study the low‐viscosity
basaltic magma intrusion in crust using vegetable oil whose dynamic viscosity is around 20 mPa·s. Most
highly mobile magma should have a viscosity ranging from 4 × 10−6 to 75,000 mPa·s (Galland et al., 2006).
Figure 7 shows the stress wave traveling along the sawtooth crack ﬁlled with shampoo. The stress wave velocity measured in Figure 7 is 28.3 m/s which is slightly smaller compared to the wave velocity 33.95 m/s in
Figure 6 due to the viscous effect. No cavitation is observed because the increase of viscosity enhances the
intermolecular forces within the ﬂuid and thus prevents the cavitation (Vernès et al., 2020).
Apart from the expansion and collapse of the bubbles due to the cavitation phenomenon that is likely to produce subcracks along solid boundaries, the bubbles can enhance the opening and propagation of cracks
through other mechanisms acting at the crack tip. The stress distribution at the tip of a crack is a key factor
for controlling crack propagation. For example, in some deep geothermal systems, it is widely accepted that
the crack tip is occupied by magmatic volatiles (Garagash & Detournay, 2000; Rubin, 1993). The typical
analytical methods to compute the stress ﬁeld surrounding the crack tip are based on solving a system of
CAO ET AL.
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Figure 8. Image sequences showing the process of bubbles emerging at the crack tip. These narrow crack tips were purposely not ﬁlled with water to mimic
trapped bubbles. The pressure wave in the ﬂuid phase forces the bubble to intrude into the tip, forcing a delamination of the layers of the trilayer model.

coupled equations for the elastic deformation of the host rock and the viscous ﬂuid ﬂow within the crack.
However, the behavior of the crack tip is much more complex due to its geometry (Paskin et al., 1985;
Zhou et al., 2017).
In order to investigate and visualize the fracturing behavior at the tips for complex geometries when the bubbles are present, the three aforementioned crack models were used, shown in Figures 4a–4c. The tips were
purposely not completely ﬁlled with water in order to mimic the trapped gas. When the pressure pulse travels
through the liquid phase, it compresses and pushes the trapped bubbles forward into the tips. As the bubble
pressure increases, the stress on the tip also increases and causes a deformation that resembles a crack opening and the propagation scenario shown in Figure 8. For the single narrow tip in Figures 8a–8d, the pressure
wave in the ﬂuid phase forces the bubble to intrude into the tip that creates delamination of the layers of the
trilayers model (Figures 8c and 8d). This process is dominated by a wedge‐like delamination where the largest
opening happens at the gas‐ﬂuid interface (Figure 8c). As the liquid pressure keeps pushing and compressing
the bubble, the delamination keeps moving forward together with the bubble, leaving behind some smaller
bubbles trapped in between the delaminated layers. This is particularly important because if solid particles
were present, they could become trapped between the layers, effectively forcing crack expansion and propagation. The double narrow crack tip case shown in Figures 8e–8h shows similar dynamics as the single
narrow tip, except that the extent of delamination and, therefore, tip expansion and propagation are signiﬁcantly enhanced, as indicated by the large lateral opening trailing behind the intruded ﬂuid in Figure 8g.
In the model with the triangular tip, on the other hand, the delamination effect due to the bubble being compressed and pushed by the liquid interface is the least severe of the three cases. This is shown in Figures 8i–8l.
We attribute this to two factors related to the bubbles. First, the size of the bubble is smaller than in the
previous cases, which leads to a lower compressed volume and smaller stress on the tip bubble‐solid interface.
Second, the triangular shape induces a gradual compression of the bubble as the meniscus moves forward, as
compared with the piston‐like compression of the previous two cases, resulting in a maximum compression
when the bubble is reduced to the very end of the tip. This gradual compression is then followed by the bubble
CAO ET AL.
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bursting of the bubble through the delaminated layers, as seen in Figures 8k and 8l. It is important to note
that if the bubbles had not been there, the delamination of the trilayer model representing a crack opening
and propagation would not have happened. The gas compression provides the necessary stress concentration
to initiate this process.

4. Discussion
Here, we present the effects of the crack wall geometry (i.e., roughness) and crack tip on the mechanics of
ﬂuid‐ﬁlled cracks using analog models. We observed that in a crack with a rough inner surface, bubble cavitation occurs when a transient stress passes through and collapses after an analog injection. The cavitation
yields an intense tensile stress on the crack wall. Because shock waves are commonly generated during bubble collapse within a very short time (in the 10−6 s time scale), they can potentially provide sufﬁcient energy
to create new subcracks (Supponen et al., 2017). Thus, we conclude that not only the state of the stress within
the crack but also crack roughness can contribute to crack opening and delamination. The restrictions for
capturing the shock waves include the limited number of frames per second (10,000 fps in our experiment)
captured by the digital camera, and light source. In other words, a faster digital camera and a stronger light
source (laser) that could allow enough light crossing through the sample would be needed for a better resolution of the shock wave.
The crack in the trilayer model is machined in the brittle acrylic plate which is an isotropic and linear elastic
material for which typically linear elastic crack mechanics (LEFM) is valid except in the small area in the
vicinity of the crack tip (plastic zone). However, the plastic zone size at the tip can be estimated approximately as (Irwin, 1968)

R¼

1
2π

 2
K IC
σ ys

(2)

where the typical critical stress intensity factor KIc and yield stress σys of acrylic is 1.5 MPa·m0.5 (Eﬁmov &
Sher, 2001) and 64.8 MPa, respectively, and R is the radial distance ahead of the crack tip.
From Equation 2, the plastic zone radius is 0.08 mm, which is much smaller compared to the size of the crack
in our case exhibiting the small‐scale yielding at the crack tip; therefore, LEFM is still applicable if no bubble
effect occurs at the crack tip as shown in Figure 5. This plastic zone relieves high stress from the fracturing
ﬂuid which results in the difﬁculty in fracturing.
Compared to the crack length, the polycarbonate used in our experiment was thin, implying the plane stress
condition. The typical critical stress intensity factor KIc and yield stress σys of polycarbonate is 2.24 MPa·m0.5
and 68 MPa, respectively (Williams, 1977). According to Brown and Srawley (1966), the critical thickness
Tc of polycarbonate plate for plane stress is given by

T c ≤ 2:5

K Ic
σ ys

2
(3)

Thus, a thickness less than 3 mm is considered as plane stress condition. This explains the discrepancy
between our measured crack wave group velocity of 33.95 m/s and the theoretical velocity using the formulation of Lipovsky and Dunham (2015), who assumed an idealized plane strain condition. In addition, the
presence of the free surface can partly account for a lower perturbation of the group velocity. Korneev
et al. (2014) derived a formula for the velocity of the crack waves from which the velocity of a wave propagating within such a ﬂuid‐ﬁlled trilayer is lower than that in the plane‐strain condition.
Note that the entire clamped trilayer model may be regarded as real cracks in nature of low conductivity or
closed cracks. The reopening of the closed crack is by the process of delamination of the tight layers, due to
the pressure wave and the presence of bubbles at the crack tip.

5. Conclusions
An analog experimental setup combining two distinct optical techniques, shadowgraphy and photoelasticity,
was used to visualize the ﬂuid‐solid interaction inside cracks with different types of crack wall surfaces and
CAO ET AL.
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tips. Among the most important and striking ﬁnding was the occurrence of cavitation when the crack surface
wall has a sawtooth shape. This phenomenon can be an important mechanism that leads to the crack growth.
The two main causes for the crack surface degradation and growth are, ﬁrst, the expansion of the bubbles that
causes the tensile stress on the crack wall to increase and, second, the collapse of the bubble that generates a
shock wave, which was not observed in our experiment because, generally, shock waves occur very fast and,
thus, it is impossible to capture this phenomenon using the current setup. We also note that higher ﬂuid viscosity prevents the formation of cavity bubbles. These ﬁndings could be used to explain the possibility of cavitation during the magma propagation. If magma has considerable dissolved gases, that is, lower viscosity, it is
more susceptible to generating cavity bubbles. On the other hand, for magma with a limited amount of dissolved gases, that is, higher viscosity, cavitation will be less likely.
While we have focused on magmatic systems, the results are also applicable to other ﬂuid‐ﬁlled crack systems. Fluid injection in hydraulic fracturing and wastewater disposal or ﬂuid intrusion in natural geothermal
systems could also form bubbles that consequently open cracks. The bubbles that can be formed could consequently move to crack tips and lead to the formation of new cracks. The same analog experimental setup
was used to study the effects of bubbles at the crack tip using various tip geometries. The pressure wave in
the liquid phase compresses and pushes forward the trapped bubbles into the tips. The tensile stress induced
by the bubbles at the crack tip increase as the bubble pressure increases. The rate of strain energy release at
the crack tip increases signiﬁcantly due to the presence of bubbles, which induce tensile stress. The energy
produced by the bubbles overcomes the resistance of the trilayer and results in its delamination, which
resembles a crack opening and propagation. The bubble effect plays an important role in crack propagation
of ﬂuid‐ﬁlled cracks and should be incorporated in theoretical models used in studies of crack behavior to
supplement linear elastic crack mechanics.

Data Availability Statement
The data and related material of this paper are accessible online (at https://openei.org/datasets/dataset/
8aadda44‐f712‐4f16‐a09e‐999dc91152fa/resource/d321f63b‐b2c6‐4735‐b8fb‐6cde9c10c308/download/
data.7z).
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